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ABSTRACT: PBDTTPD is a conjugated polymer with high power conversion eﬃciency
if used in organic solar cells together with fullerene derivatives. We have investigated for
the ﬁrst time the excited state dynamics of pristine PBDTTPD thin ﬁlm as well as the
ultrafast evolution of charge carriers in PBDTTPD:PCBM bulk heterojunction blend
using femtosecond transient absorption spectroscopy. In the latter, charges appear within
the time resolution of the experiment (<100 fs), but clean spectral signatures allowed to
directly follow slower ∼1 ps charge separation. Only the slower quenching component
competes with exciton−exciton and exciton−charge annihilation, leading to a reduced
yield of charge carriers at high laser ﬂuence. Our excellent measuring sensitivity made it
possible to reduce pump power to a point where annihilation is quasi suppressed. In this
case >80% of charges survive after 1 ns; the rest recombines (most probably geminately)
on the 200 ps time scale.
SECTION: Energy Conversion and Storage; Energy and Charge Transport
Conjugated polymers have enjoyed success in organicphotovoltaic devices. They are typically blended with
fullerene derivatives such as [6,6]-phenyl-C60-butyric acid
methyl ester (PCBM), which accept an electron from the
photoexcited polymer leading to the formation of charge
carriers that are ultimately extracted through electrodes to yield
macroscopic current.1,2 Poly(benzo[1,2-b:4,5-b′]dithiophene-
alt-thieno[3,4-c]pyrrole-4,6-dione (PBDTTPD), shown in the
inset of Figure 1, was ﬁrst reported in 2010 by several
groups.3−5 By optimizing the morphology of the
PBDTTPD:PCBM blend using coadditives, Leclerc et al.
recently obtained 7.1% power conversion eﬃciency in 1 cm2
active layer devices, remarkable for solar cells containing the
C60 derivative.
6 PBDTTPD bears alternating benzodithiophene
(BDT) electron-donating groups and thieno[3,4-c]pyrrole-4,6-
dione (TPD) electron-withdrawing groups along its backbone,
a strategy that is commonly employed to reduce the bandgap of
conjugated polymers.
The photophysics of PBDTTPD has only been little
explored.7,8 We report here, to our knowledge, the ﬁrst
transient absorption (TA) study of the ultrafast processes
occurring in thin ﬁlms of pristine PBDTTPD and
PBDTTPD:PCBM blend. TA spectroscopy has been used on
numerous occasions to understand the charge carrier dynamics
in polymer:fullerene blends.9−17 It is, however, becoming clear
that the important energy delivered by pulsed laser excitation in
such experiments is not necessarily representative of solar
irradiation: The high density of excited species and charges
generated at high pump ﬂuence leads to bimolecular loss
mechanisms that are not observed under solar cell operating
conditions.10−12,17−20 Excellent measuring sensitivity of our
apparatus has allowed us to reduce the excitation power to a
point where those loss mechanisms become negligible on the
subnanosecond time scale. Moreover, we have taken advantage
of the annihilation processes that occur with increasing ﬂuence
to gain valuable insight about the evolution of excited and
charged species in pristine and blended PBDTTPD.
Figure 1A depicts the steady-state absorption and ﬂuo-
rescence spectra of the investigated thin ﬁlms. Pristine
PBDTTPD has a broad and structured absorption band
ranging from ∼360−700 nm. The presence of deﬁned vibronic
features, uncommon for conjugated donor−acceptor copoly-
mers, has been attributed to a planar backbone conformation of
the polymer in the ground state (density functional thoery
calculations),21 and to insigniﬁcant torsional relaxation in the
excited state (two-dimensional electronic spectroscopy).8 The
quantum simulations also suggest delocalized highest occupied
molecular orbital (HOMO) and lowest unoccupied molecular
orbital (LUMO) levels and that several electronic bands might
be present under the broad envelope of the absorption
spectrum.21 The emission spectrum of pristine PBDTTPD
ﬁlm is weakly Stokes shifted with a maximum at 662 nm and a
vibronic shoulder around 720 nm. For the 1:2
PBDTTPD:PCBM blend cast from o-dichlorobenzene, the
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polymer features are clearly evident in the absorption spectrum,
together with the PCBM signature mainly below 500 nm.
Femtosecond-resolved TA spectra were recorded with 530
nm excitation at pump ﬂuences ranging from 4 to 40 μJ/cm2.
The spectra of pristine PBDTTPD ﬁlm are shown for 8 and 16
μJ/cm2 in Figure 1B−C, with selected time proﬁles at 8 μJ/cm2
in Figure 2A. The blue side of the negative band with maxima
around 445, 530, and 645 nm is assigned to the ground state
bleach (GSB), based on its similarity with the steady-state
absorption spectrum. The 645 nm TA peak is more red-shifted
than the absorption, due to an overlap with the negative
stimulated emission (SE) band around 660 nm, at a similar
position as the steady-state ﬂuorescence. The weak negative
signal in the 720 nm region is the second vibronic shoulder of
the SE. At early time delays, the GSB/SE features around 645
and 720 nm show a clear ∼7 nm red shift caused by excited
state relaxation (Figure 1B−C), which reﬂects, for example, as a
fast decay at 640 nm and rise at 670 nm in the dynamics
(Figure 2A). For conjugated polymers, relaxation typically
includes localization of the photoexcitation, geometrical
rearrangements (less important for PBDTTPD),8 and
excitation energy transfer to longer polymer chain segments
with lower energy.22−24 Changes in the vibronic structure
during this relaxation might also be responsible for the rapid
(<10 ps) disappearance of the 720 nm SE, although the singlet
excited state lives much longer.24 Finally, there is a broad
positive TA band above 740 nm, which does not show
signiﬁcant spectral dynamics and which we attribute predom-
inantly to singlet excited state absorption (ESA) of PBDTTPD,
because the lifetime of the 850 nm signal follows the one of the
SE at 670 nm quite closely (Figure 2A, discussion below). As
charges have been shown to exist in other pristine donor−
acceptor copolymers, especially at short time delays,25−27 we
cannot exclude a weak contribution of charge absorption in the
broad positive band.
Time proﬁles taken every 10 nm from TA spectra of
PBDTTPD at 8 μJ/cm2 were analyzed globally using the sum
of exponential functions. The amplitude spectra (from the pre-
exponential factors associated with the time constants) are
shown in Figure 1D. Multiexponential global analysis gives an
excellent idea of the time scales of photophysical processes too
entangled to be reasonably reproduced by a kinetic model.28−31
Fast decay of the positive ESA signature is mirrored by decay of
the GSB and SE features, indicating return of the excited singlet
population to the ground state (Figure 2A). This is associated
with a 6 ps time constant in the >750 nm region (ESA), which
has to be replaced by two 1.6 and 18 ps components in the
<750 nm range (GSB/SE), in order to account for the spectral
shifts (relaxation) temporally mixed with singlet excited state
decay (Table 1). The shape of the 1.6 and 18 ps amplitude
spectra reﬂects the entanglement of the two processes (Figure
1D). For example, the blue side of the 645 nm GSB/SE peak
decreases mainly with the shorter time constant, and the red
side decreases with the longer component, due to parallel decay
and red shift of the band. Further decay at all TA wavelengths
then occurs with a 150 ps time constant (Table 1). According
to the amplitude spectrum, it involves again the ESA (>750
nm), SE (around 660 nm), and GSB (<660 nm), so that we
assign it to decay from the relaxed singlet excited state to the
ground state (Figure 1D). Finally, there is also a weak ∼5 ns
Figure 1. (A) Steady-state spectra of the investigated thin ﬁlms and
molecular structure of PBDTTPD. TA spectra of PBDTTPD with 530
nm excitation at (B) 16 μJ/cm2 and (C) 8 μJ/cm2. (D) Amplitude
spectra resulting from the global analysis of time proﬁles recorded at 8
μJ/cm2.
Figure 2. (A) TA time proﬁles of PBDTTPD with 530 nm excitation
at 8 μJ/cm2. (B) Time proﬁles at 560 nm (blue) and 850 nm (red) at
various ﬂuences. Inset: Initial TA intensity at the two wavelengths and
average lifetime at 850 nm (black) as a function of ﬂuence. (C)
Normalized time proﬁles at 670 nm (dark yellow) at various ﬂuences.
(D) Summed weight of the short (<22 ps = τ1 + τ2 + τ3, + solid) and
long components (150 ps, ∼5 ns = τ4 + τ5, ● dotted) at 560 nm
(blue) and 850 nm (red) as a function of ﬂuence, solid lines are guide
to the eye.
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contribution to the TA dynamics (possibly longer, but the 1 ns
experimental window does not allow a precise ﬁt), evidencing a
small population of long-lived triplet or charged polaron states,
commonly observed in conjugated polymer ﬁlms.10,32 It is not
related to the singlet excited state, since the SE around 660 nm
has vanished after 500 ps (only GSB at 635 nm is left, Figure
1B−D).
At excitation densities exceeding 1017 photons/cm3, singlet
excited species in conjugated polymer ﬁlms are close enough to
encounter and to undergo singlet exciton−exciton annihilation
(EEA), which promotes one partner to the ground state and
the other to a higher excited state.32−37 By assuming ∼90 nm
ﬁlm thickness for the used processing conditions and
absorbance,3,6 the excitation density in our experiments ranged
from 6 × 1017 to 6 × 1018 photons/cm3 (Table S1, Supporting
Information), so that EEA can be expected. Indeed, the average
singlet excited state lifetime, estimated from the weighted
average of all time constants except the ∼5 ns one at 850 nm,
decreases with square root dependence on ﬂuence (inset of
Figure 2B). There is faster decay of the ESA (850 nm) and
GSB (560 nm) with increasing laser power (Figure 2B, more
wavelengths in Figure S1, Supporting Information). Examina-
tion of Table 1 reveals that this is caused by increased weight of
the short components (6 ps >750 nm, 1.6 and 18.0 ps <750
nm), while the relative amplitude of the long (150 ps, ∼5 ns)
components decreases (illustrated in Figure 2D). We note that
the short decay dynamics become more multiphasic at higher
ﬂuence, since EEA is diﬀusion-controlled and has a time-
dependent rate (faster before relaxation).33,35
The EEA mechanism (involvement of the singlet excited
state) is further conﬁrmed by the faster decay of the SE at 670
nm (normalized curves in Figure 2C), although quantiﬁcation
of the decay at this wavelength is hindered by the initial rise
(relaxation). Intensity-induced loss of excited state population
faster than the experimental time resolution can be excluded,
since the initial TA intensities scale linearly with ﬂuence (inset
of Figure 2B). Although enhanced charge formation caused by
EEA has been demonstrated in other conjugated poly-
mers,32,35,37 this cannot be conﬁrmed in PBDTTPD due to
the similar shape of the TA spectra at diﬀerent ﬂuences (Figure
S2, Supporting Information), and to the decrease of the ∼5 ns
component (possibly polarons) at higher pump power. In
conclusion, the ground state recovery on the <22 ps time scale
is caused by singlet annihilation in pulsed laser excitation
conditions, while the 150 ps component represents the
“natural” lifetime of the relaxed PBDTTPD singlet excited
state as expected under solar irradiation. The rate of EEA
strongly depends on morphology,36 and its fast nature in
PBDTTPD ﬁlm suggests rather eﬃcient diﬀusion of the singlet
excited species.
The TA spectra of PBDTTPD:PCBM (mostly the polymer
and not fullerene is excited at 530 nm) reveal distinctly
diﬀerent and more long-lived features compared to the ones of
the pristine polymer (Figure 3A-C). The GSB is still present
below 660 nm, but the SE (∼660 nm, 720 nm) is replaced by a
relatively ﬂat positive band that extends from 660 to 950 nm
and has a peak at 880 nm. This points to eﬃcient quenching of
the PBDTTPD excited state by CS between the polymer and
the fullerene. We assign the new absorption signature to the
positive polaron of PBDTTPD (either bound in an interfacial
charge transfer (CT) state or free, as discussed below). A
similar ﬂat band extending next to the GSB with a peak at lower
wavelengths has been observed in blends of other donor−
acceptor copolymers with PCBM, and was also assigned to the
charged polymer.9,17 The anion of PCBM is known to absorb
in the 1030 nm region, and is thus outside our measuring
window.13
It has often been reported that CS occurs quantitatively in
less that 100 fs in polymer:fullerene bulk heterojunctions.14,38
Slower quenching (a few picoseconds) has been observed for
blends with optimized morphology and larger polymer
domains, implying increased distance of polymer excited
species from the fullerene interface.9,11,12 In the case of
PBDTTPD:PCBM, the polaron signature is already present at
the earliest measurable time delay (Figure 3B−C), conﬁrming
that part of the CS occurs within the 100 fs time resolution.
Nevertheless, the early TA spectra in the blend show also
features of the PBDTTPD singlet excited state, such as the SE
around 660 and 720 nm or the ESA above 900 nm, which
disappear within about 2 ps (dynamics in Figure 4A). Global
analysis yields a 0.94 ps time constant associated with this
slower CS component. The shape of the associated amplitude
spectrum clearly shows the decay of the SE and ESA signatures,
as well the rise of the polaron band as an indent around 880 nm
(Figure 3D, 8 μJ/cm2). Although the quenching in the blend
masks any signs of spectral relaxation in the SE, we infer from
Table 1. Time Constants (and Relative Amplitudes) from Global Analysis of the TA Time Proﬁles
sample λ (nm) ﬂuence (μJ/cm2) τ1 (ps) τ2 (ps) τ3 (ps) τ4 (ps) τ5 (ns)
PBDTTPD 560 4 1.6 (0.04) 18.0 (0.18) 150 (0.61) 5 (0.17)
8 1.6 (0.08) 18.0 (0.29) 150 (0.56) 5 (0.07)
16 0.35 (0.08) 3.1 (0.18) 22.2 (0.34) 150 (0.34) 5 (0.06)
40 0.35 (0.27) 3.1 (0.25) 22.2 (0.27) 150 (0.19) 5 (0.02)
850 4 6.0 (0.07) 150 (0.82) 5 (0.11)
8 6.0 (0.29) 150 (0.64) 5 (0.07)
16 6.0 (0.38) 150 (0.57) 5 (0.06)
40 0.35 (0.23) 3.1 (0.26) 22.2 (0.26) 150 (0.21) 5 (0.03)
PBDTTPD:PCBM 640 4 0.94 (0.31) long (0.69)
8 0.94 (0.34) 190 (0.14) long (0.52)
16 0.94 (0.43) 190 (0.21) long (0.36)
40 0.46 (0.42) 6.0 (0.16) 190 (0.20) long (0.22)
880 4 190 (0.18) long (0.82)
8 0.94 (0.04) 190 (0.41) long (0.55)
16 0.94 (0.21) 190 (0.38) long (0.41)
40 0.46 (0.13) 6.0 (0.24) 190 (0.37) long (0.26)
The Journal of Physical Chemistry Letters Letter
dx.doi.org/10.1021/jz301110e | J. Phys. Chem. Lett. 2012, 3, 2952−29582954
the time scale of this relaxation in the pure polymer that CS in
PBDTTPD:PCBM (<100 fs, 0.94 ps) is fast enough to occur
before full relaxation of the singlet excited state.
CS should not lead to any ground state recovery,
nevertheless there is decrease of the GSB signature on the 1
ps time scale and this is reﬂected in the 0.94 ps amplitude
spectrum (Figure 3B−D). A possible reason could be the
growth of an overlapping positive band upon CS, or a smaller
bleach cross section implying stronger localization of the
charges compared to the singlet excited state.11,18 However,
comparison of the TA spectra at 8 and 16 μJ/cm2 (Figure 3B−
C) reveals enhanced signal decay at the higher ﬂuence (TA
spectra, time proﬁles, and outcome of global analysis for all
investigated intensities are shown in Figures S3−S6 and Table
S2, Supporting Information). Indeed, the weight of the 0.94 ps
decay component at 640 nm (GSB/SE) and at 880 nm (ESA
and polaron absorption) increases with excitation ﬂuence, and
this time constant has to be replaced by two 0.46 and 6.0 ps
ones at the highest power (Figure 4B−D, Table 1). This proves
that a bimolecular loss mechanism occurs in parallel with the
∼1 ps CS and is mainly responsible for the observed decrease
in GSB. At 4 μJ/cm2, the 0.94 ps component at 880 nm
completely vanishes, indicating an “isosbestic point” between
the neutral and charged signatures and almost negligible
intensity-induced loss at our lowest ﬂuence (Table 1).
To appreciate how the 0.94 ps (0.46 ps at 40 μJ/cm2)
component evolves with ﬂuence throughout the TA spectrum,
the corresponding amplitude spectrum at diﬀerent intensities is
compared in Figure 3E. In all cases, there is decay of the singlet
excited state signatures and rise of the polaron band, with no
evidence for intensity-induced loss of charges. The decay of the
singlet excited state is, however, increasingly accompanied by
ground-state recovery at high ﬂuence (see red shift of the ∼640
nm feature due to increased GSB contribution). We conclude
that the neutral excited state of the polymer decays in ∼1 ps
due to both CS with a fullerene and competing annihilation
Figure 3. (A) TA spectra of PBDTTPD and PBDTTPD:PCBM 10 ps
after excitation at 530 nm with 40 μJ/cm2. (B,C) TA spectra of
PBDTTPD:PCBM at 16 and 8 μJ/cm2. (D) Amplitude spectra
resulting from global analysis of the PBDTTPD:PCBM time proﬁles
recorded at 8 μJ/cm2. (E−G) Amplitude spectra associated with each
time constant at diﬀerent ﬂuences.
Figure 4. (A) TA time proﬁles of PBDTTPD:PCBM with 530 nm
excitation at 8 μJ/cm2. Time proﬁles at 640 nm (green) and 880 nm
(red) at various ﬂuences as measured (B) and normalized (C). Inset:
Initial TA intensity at the two wavelengths (green/red) as a function
of ﬂuence. (D) Weight of the short (<7 ps = τ1 + τ2, + solid),
intermediate (190 ps = τ3, □ dashed), and of the long components (τ4,
● dotted) at 640 nm (green) and 880 nm (red) as a function of
ﬂuence; solid lines are guide to the eye.
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processes at high excitation densities. This can be EEA (as in
the pristine polymer), but exciton-charge annihilation (ECA)
can also occur, since the singlet excited state and charges
coexist at short time delays. ECA has previously been reported
in polymer:polymer and polymer:fullerene blends, and is even
more eﬃcient than EEA.18,20,39 The charges are preserved in
this process (and promoted to a short-lived excited state), but
the ultimate yield of charge carriers is reduced by loss of their
neutral precursors to the ground state. Finally, a very important
observation is that no annihilation occurs within the
experimental time resolution (the initial TA amplitude scales
linearly with ﬂuence, inset of Figure 4B), while CS in <100 fs is
eﬃcient. Thus, EEA or ECA cannot compete with the prompt
CS component, as diﬀusion does not seem to play a role on the
ultrashort time scale.
There is also a global 190 ps decay component in the TA
dynamics of PBDTTPD:PCBM (Table 1). According to the
amplitude spectrum, it is associated with loss of charged species
(see presence of the polaron signature) and with ground state
recovery; there is no signiﬁcant contribution of the singlet
excited state (Figure 3D,F). Its relative weight at 640 and 880
nm does not signiﬁcantly depend on ﬂuence, except at the
lowest laser power, where it almost vanishes (Figure 4D, Table
1). However, we note signiﬁcant noise in the 4 μJ/cm2
measurement on longer time scales, so that it is diﬃcult to
draw conclusions from a single wavelength. Judging from the
amplitude spectrum, the 190 ps component is indeed present
even at the lowest ﬂuence (Figure 3F). Therefore, we suggest
that monomolecular (ﬂuence independent) charge recombina-
tion has a strong contribution to the 190 ps dynamics.
A possible mechanism is monomolecular trap-assisted
recombination involving free charges,40 but this is typically
slower.9,11 More probable is geminate charge recombination
from an interfacial CT state. Time scales of hundreds of
picoseconds to nanoseconds have been reported for this
process in various polymers.9−11,13,17,41 We are not able to
distinguish charges that are bound in the CT state from free
ones using the broad polaron absorption band (similar spectral
signatures have also been noted in TA studies of some other
polymers).9,10 On the basis of a model by Laquai et al.,9−11
both are expected even at the earliest time delays, since they are
instantaneously generated and do not interconvert. A recent
pump-push photoconductivity experiment conﬁrms that free
charge carriers are generated from “hot” delocalized states
populated directly following CS.42 In photovoltaically highly
eﬃcient systems, only a small fraction of charges relaxes into
the interfacial CT state and recombines geminately. The
intensity-dependent part of the 190 ps time constant in
PBDTTPD:PCBM might be explained by bimolecular
recombination of free charges. Even if a much slower rate is
expected based on reports about other polymers,10,19,41 and low
hole mobility in PBDTTPD (1.6 × 10−4 cm2/(V s)),6 we
hypothesize that the concentration of free charges at ﬂuences as
high as 40 μJ/cm2 is suﬃcient to allow bimolecular encounter
without large scale diﬀusion. In support of this, we observe an
additional 6 ps time constant only at the highest laser power
(Table 1), with an amplitude spectrum that suggests fast
intensity-induced recombination of charge carriers (inset of
Figure 3E).
At long time delays, there is a plateau at all wavelengths of
the PBDTTPD:PCBM TA spectra, which is assigned to long-
lived (mainly free) polarons with a spectral signature
characterized by the amplitude spectrum in Figure 3D,G. In
the quasi absence of intensity-induced loss, we roughly estimate
their yield to >80% (at 880 nm, 4 μJ/cm2, Table 1), indicating a
relatively low fraction of geminately recombining charges
formed in the CT state. With higher ﬂuence, the weight of the
long component is strongly reduced, in excellent agreement
between the 640 nm GSB and 880 nm polaron dynamics
(Figure 4C,D). Our work suggests that the lower yield of long-
lived charge carriers at high intensity is mainly caused by
annihilation processes of the neutral excited state, and possibly
some bimolecular charge recombination at very high ﬂuence.
In conclusion, detailed analysis of the intensity dependent
TA spectra of PBDTTPD and PBDTTPD:PCBM thin ﬁlms
has led to a very clear picture of the excited state dynamics
occurring in this solar cell material. The relaxed singlet excited
state of the pristine polymer decays to the ground state with a
150 ps time constant; only a small fraction of long-lived polaron
or triplet states is populated. At high ﬂuence, there is additional
multiphasic EEA occurring on the <22 ps time scale. In the
presence of fullerene, singlet excited species of the polymer
formed close to a fullerene interface undergo charge separation
in <100 fs. In the investigated ﬂuence range, this process does
not compete with exciton annihilation (no ultrafast diﬀusive
encounter). On the other hand, we identiﬁed a slower ∼1 ps
quenching component that strongly competes with EEA and
ECA at higher pump intensities, leading to a decrease of charge
carrier yield with ﬂuence. We were able to reduce the ﬂuence to
a point were the intensity-induced loss becomes negligible. In
this case, > 80% of charge carriers survive beyond 1 ns, the rest
is lost on the 200 ps time scale, most probably due to geminate
recombination.
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